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Available online 10 September 2015AbstractFractured carbonate reservoirs are susceptible to blowout and lost circulation during drilling, which not only restricts drilling speed, but also
poses big threat to well control. Moreover, there are few technical means available to reconstruct pressure balance in the borehole. Accordingly,
the fine managed pressure drilling was used in the drilling of Well GS19 in the Qixia Formation with super-high pressure and narrow density
window, which is a success:① back pressure in the annular spaces will be adjusted to maintain a slightly over-balanced bottom-hole hydraulic
pressure, and fluid level in the circulation tank will be kept in a slight dropping state to ensure that natural gas in the formation would not invade
into the borehole in a massive volume; ② inlet drilling fluid density will be controlled at around 2.35 g/cm3, back pressures in the annular be
maintained at 2e5 MPa, and bottom-hole pressure equivalent circulation density be controlled at 2.46e2.52 g/cm3;③ during managed pressure
drilling operations, if wellhead pressure exceeds or expects to exceed 7 MPa, semi-blind rams will be closed. Fluids will pass through the choke
manifold of the rig to the choke manifold specifically for pressure control before entering gas/liquid separators to discharge gas; ④ during
tripping back pressure will be kept at less than 5 MPa, volume of injected drilling fluid will be higher than the theoretical volume during tripping
out, whereas the volume of returned drilling fluid will be higher than the theoretical volume during the out-tripping. This technique has been
applied successfully in the drilling of the Qixia Formation, Liangshan Formation and Longmaxi Formation with a total footage of 216.60 m, as a
good attempt in complicated wells with both blowout and lost circulation risks, which can provide valuable experiences and guidance for
handling similar complexities in the future.
© 2015 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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pressure; Narrow density windowSince the exploration and development of Sinian in the
Sichuan Basin, the drilling operation has encountered complex
lithology, and dozens of uncertain geologic factors, unpre-
dictable formation pressure, multiple pressure systems in
vertical direction and local high pressure. It is not possible to
achieve effective separation of all complex intervals by using* Corresponding author.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).limited casing programs, consequently, two or more alter-
nating high-pressure and low-pressure layers may coexist in
the same open hole interval. In addition, production layers are
with fracture-pore features. All those mentioned above could
cause lost circulation and overflow, narrow drilling fluid
density window, the occurrence of both blowout and lost cir-
culation, posing high threat to well control. Currently, there
are few technical means available to deal with such complex
conditions, and the few technical means available are long in
handling cycle, hindering drilling speed and the pace of nat-
ural gas exploration in the gas play.Elsevier B.V. This is an open access article under the CC BY-NC-ND license
Table 1
Statistics on complexities in Ø215.9 mm section.
Time Depth/m Formation Drilling fluid
density/(g cm3)
Type Description Countermeasures
2014-03-02 3845.97 Mao-3 2.15 Overflow After circulating and observing the well for 10 min,
total hydrocarbon content was up from 4.23%
to 73.72%, outlet density was down from 2.13 to
1.90 g/cm3, and fluid level in the circulation tank rose
by 0.4 m3
The drilling fluid density was
increased to 2.32 g/cm3 and the
well was restored to normal
drilling.
4013.69 2.24 Average lost circulation rate: 2.4 m3/h Drilling and observation
4017.20 2.24 Fluid level in circulation tank no longer dropped Drilling went on
2014-03-07 4019.35 Qi-2 2.24 Lost
circulation
Hydrocarbon: 1.97% [ 4.0%; C1 1.09% [ 2.49%;
density at outlet reduced to 2.20 g/cm3 with no
change in fluid level
Drilling continued
4019.69 2.24 Within 5 min, fluid level increased by 1.1 m3,
total hydrocarbon content: 4.0%[56.15%; C1 1.09%
[ 54.25%, density at outlet reduced to 1.92 g/cm3
Tripped out drilling string,
and shut down the well,
at this point, standpipe pressure
was 0 MPa and casing pressure
was 8.0 MPa; after observation
for 18 min, the standpipe
pressure was 0 MPa, and the
casing pressure rose
from 8.0 to 16.4 MPa
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circulationWith a designed depth of 5520 m, Well GS19 is a pre-
liminary exploration well for the Sinian formations. Its
Ø311.2 mm interval was drilled to the depth of 2865.0 m, with
Ø244.5 mm intermediate casing installed to the well depth of
2863.8 m (Member Jia-23) before cementation. Then, a
Ø215.9 mm drill bit was used to the depth of 3845.97 m
(Member Mao-3) with a drilling fluid density of 2.15 g/cm3.
The first gas layer show was found in this section, subse-
quently by using managed pressure circulation through a
separator, drilling fluid density was enhanced from 2.15 to
2.32 g/cm3 to restore normal drilling (Table 1). Later on, the
first layer (Member Qi-2) with lost circulation of 2.4 m3/h was
encountered at the depth of 4013.69 m when drilling with
drilling fluid of 2.24 g/cm3. Observation results showed fluid
level in the circulation tank stopped dropping at the well depth
of 4017.20 m; further drilled to the depth of 4019.35 m, outlet
monitoring showed a rise of total hydrocarbon and C1 content,
drop of drilling fluid density and no change in fluid level;
5 min later, when further drilled to the depth of 4019.69 m,
fluid level increased by 1.1 m3, outlet monitoring showed a
sharp rise of total hydrocarbon and C1 content, and drilling
fluid density dropping to 1.92 g/cm3; drilling string was trip-
ped out and the well was closed for 18 min under close watch,
during which standpipe pressure was 0 MPa, and casing
pressure increased from 8.0 to 16.4 MPa (Table 1).
Comprehensive analysis of lost circulation conditions
shows that there is a gas layer at the well depth of 3845.97 m;
at the time of lost circulation at a well depth of 4013e4019 m,
density of drilling fluid at inlet maintained at 2.24 g/cm3 with
no return loss observed at the wellhead, from beginning to theend, the borehole was filled with drilling fluid with hydraulic
pressure remained unchanged, so no natural gas kicked in at
the depth of 3845 m. Therefore, the layer with lost circulation
at the depth of 4013e4019 m was thought to be the a fracture
layer with both blowout and lost circulation. During the dril-
ling of the interval, lost circulation of drilling fluid was
observed, and high-pressure natural gas kicked into the well,
with more natural gas built up in the borehole and drilling fluid
in annular moving upward and expansion of the gas, speed of
lost circulation decreased and eventually stopped all together,
then overflow and fluid level rise were observed.1.2. Lost-circulation prevention and well killing
performance
1.2.1. Lost circulation control and well killing by using
bridging mud
During the first killing, 30 m3 bridging mud with a density
of 2.30 g/cm3 (concentration of 10%) and 177 m3 drilling fluid
of 2.30 g/cm3 were injected down the drillpipe to kill the well;
the well was circulated under the controlled standpipe pressure
of 9.5e20.1 MPa, casing pressure of 9.1e25.1 MPa and
pumping rate of 13.6 L/s, with a flame height of 5e10 m. The
well killing operation failed due to return loss. The well was
closed with casing pressure increasing to 24.2 MPa and
standpipe pressure of 0 MPa.
During the second killing, 30 m3 bridging mud of 2.30 g/
cm3 (concentration of 12%) and 85 m3 drilling fluid of 2.30 g/
cm3 were injected down the annular. Upon suspension of
pumping, casing pressure was 7.2 MPa and standpipe pressure
0 MPa.
During the third killing, 43 m3 drilling fluid of 2.31 g/cm3
was injected down the drillpipe, whereas 45 m3 bridging mud
of 2.31 g/cm3 (concentration of 18%) and 107 m3 drilling fluid
of 2.31 g/cm3 were injected reversely through the annular.
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and standpipe pressure 0 MPa.
During the fourth killing, 3 m3 drilling fluid of 2.52 g/cm3
was injected through drillpipe, whereas 42 m3 bridging mud of
2.10 g/cm3 (concentration of 24%) and 102 m3 drilling fluid of
2.52 g/cm3 were injected reversely through the annular. Upon
suspension of pumping, casing pressure was 0.5 MPa and
standpipe pressure 0 MPa. After pressure releasing through the
gas liquid separator, constant fluid return was observed at the
outlet.
Annular BOP was used for pressure management in pulling
up the drillstring to the depth of 2843.43 m.
1.2.2. Lost circulation control through injection of barite
powder
Slurry of barite powder of 54.5 m3 with a density of 2.41 g/
cm3 and 28 m3 drilling fluid of 2.52 g/cm3 were injected down
the drillpipe, and then the well was shut down for plugging.
During the course, standpipe pressure increased from 0 to
2.8 MPa, whereas casing pressure increased from 2.7 to
4.7 MPa. Then drilling fluid of 2.45 g/cm3 was circulated for
pressure management, but the fluid level fluctuated greatly,
making it impossible to establish steady circulation. Generally
speaking, these lost circulation control measures failed to
achieve desired performances.
1.2.3. Lost circulation control through cement injection
Rotary BOP was installed on the original BHA and all
drilling assembly in the borehole was tripped out under
controlled pressure. Screen pipe and drillpipe combination was
run down to the depth of 1219.46 m to inject cement slurry.
In the first injection, 67 m3 cement slurry with average
density of 2.40 g/cm3 was injected with the top of the cement
plug at 2754.32 m depth. Drilling fluid of 2.45 g/cm3 was used
in drilling the cement plug to the depth of 3505.11 m, then
drilling fluid density was reduced to 2.35 g/cm3 to drift and
ream to the depth of 4009.74 m, when lost circulation was
observed. Upon closing of the well, casing pressure was
7.70 MPa. Under controlled pressure by Rotary BOP, the
drilling assembly was pulled up to the depth of 2637.16 m.
In the second injection, 68.5 m3 cement slurry with average
density of 2.39 g/cm3 was injected with the top of the cement
plug at 2899.59 m depth. Drilling fluid of 2.35 g/cm3 was used
in drilling the cement plug to the depth of 3578 m, then loss of
return happened when the well was intermittently reamed to
the depth of 4006.25 m. Circulation was established under
managed pressures with drilling fluid density dropping to
2.30 g/cm3. Under managed pressures, the well was reamed to
the depth of 4019.69 m under circulation with inlet drilling
fluid density of 2.30 g/cm3 and outlet density of 2.29e2.30 g/
cm3, pumping rate of 25 L/s, standpipe pressure of 21 MPa
and casing pressure of 2.8e5.2 MPa. Gas at the separator
outlet was flared intermittently with flame height of 0.2e5 m.
During circulation under managed pressures, lost circulation
and return took place again.2. Penetration of formations susceptible to lost circulation
and collapse at fine managed pressure2.1. Favorable conditions for implementation of fine
managed pressure drillingAfter four times of killing by using bridging mud, one by
precipitating barite powder and two by cement injection, the
conditions of open-hole intervals have been confirmed: ①
there is no hydrogen sulfide, or other toxic gases; ② pres-
sure-bearing capacity of the open-hole interval was
enhanced after multiple plugging operation, but was still not
sufficient to meet the requirements for safe drilling;③ open-
hole intervals had multiple pressure systems with both
blowout and lost circulation risks, and drilling fluid density
window under this circumstance was narrow, with pressure
equivalent density for layers with lost circulation around
2.45 g/cm3.
From theoretical researches to the development of relevant
facilities, managed pressure drilling technology in China has
made significant progresses [1e6]. In fact, the technology has
been applied successfully in Tarim Oilfield of Xinjiang and
Jidong Oilfield. That is to say, by effective control of hy-
draulic-pressure profile in normal-pressure or low-pressure
fractured reservoirs, the adjustment of bottom-hole pressure
was made possible: the bottom-hole pressure was kept equal to
or slightly higher than the formation pressure. So the reser-
voirs were drilled safely and efficiently through effective
control of kicks or lost circulation without drilling interruption
[7e10].2.2. Surface process flow and safety precautions
2.2.1. Process of fine managed pressure drilling
Fine pressure management includes two modes: manage-
ment of bottom-hole constant pressure and micro-flux pres-
sure. The bottom-hole constant-pressure-managed drilling,
also known as the “equivalent circulation density control” [4],
mainly involves real-time monitoring of bottom-hole pressure
with PWD and regulating of wellhead back pressure by using
automatic choke manifold to achieve accurate and reliable
control of bottom-hole pressure with an accuracy of up to
0.35 MPa. In the micro-flux pressure-managed drilling, weight
and density of the injected and returned drilling fluid are
measured accurately with high-accuracy flowmeter to identify
overflow, and automatic choke manifolds are used to regulate
wellhead back pressure to protect formations against overflow
or lost circulation. This technology is capable of detecting
invasion formation fluid of less than 80 L in volume and
initializing relevant controlling operation.
Upon suspension of pumping, back-pressure compensators
can be initialized automatically to maintain bottom-hole
pressure in slightly over-balanced condition, thus invasion of
formation fluid can be controlled effectively. During the dril-
ling of formations with narrow density window, or formations
Fig. 1. Surface process flow of fine managed pressure drilling.
Fig. 2. Changes of pressure parameters during the fine managed pressure
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effective control of pressure [1,5].
The fine managed pressure drilling system includes four
major components: a rotating control head, an automatic
choke manifold, a computer control system and a back-pres-
sure compensator. The rotating control head provides pressure
management space for managed pressure drilling; micro-flux
choke manifold system monitor changes in flow rate of drilling
fluid in real time, and transmits flow data to data-acquisition
and controlling system, subsequently, openness of the throttle
valve is regulated by the automatic choke manifold to main-
tain the bottom-hole pressure in the safe range; the back-
pressure compensator mainly functions to provide flow
compensation during circulation or suspension of pumping to
provide the necessary flow rate for the throttle valve See Fig. 1
for the components and surface flow process of fine managed
pressure drilling.
2.2.2. Safety precautions for drilling operation
Based on the principle of slight overbalance, during dril-
ling, back pressures in the annular should be adjusted to
maintain slight overbalance, meanwhile fluid level in the cir-
culation tank should be maintained in a slight dropping state to
prevent massive invasion of natural gas into the borehole, and
reduce drilling fluid loss as far as possible. To achieve these
goals, the following drilling safety precautions have been
taken:
1) Operators on duty and operators of geologic logging
should be responsible for monitoring the fluid level in
the circulation tank and drilling fluid density continu-
ously. Fluid level and drilling fluid density at the inlet
and outlet should be recorded once every 5 min, and will
be reported to the personnel in charge of pressure
management; when any abnormal condition is identified,
monitoring should be intensified accordingly.
2) Personnel controlling pressure should monitor the
micro-flux of drilling fluid at the outlet continuously,
and adjust the pressure in time according to fluid level
changes in the circulation tank, flow and density changes
of drilling fluid at the outlet.
3) The drilling fluid should be maintained strictly in
accordance to design requirements to maintain stableproperties; drilling fluid density at the inlet should be
controlled at around 2.35 g/cm3.
4) Pressure control personnel should be notified in advance
before “starting or stopping pump”. No such operation
will be allowed until the pressure control personnel gives
clear instructions; upon receiving relevant notifications,
pressure control personnel should timely adjust the
managed pressure to keep the bottom-hole pressure
stable.
5) The toolpusher should lift or lower drilling tools slowly
to eliminate big bottom-hole pressure surge.
6) During managed pressure drilling, if the wellhead
pressure exceeds or is expected to exceed 7 MPa, semi-
blind rams should be closed. Under such circumstances,
drilling fluid should be delivered from the choke mani-
fold of the rig to the designated choke manifold for
pressure management before entering gas liquid sepa-
rator for gas removal.
7) If fast drilling or blowdown occurs during drilling,
drilling should be suspended immediately, and drilling
tools should be uplifted before observation is made to
circulate the system.
8) During tripping, back pressure should be maintained at
less than 5 MPa, and the volume of injected drilling fluid
should be more than the theoretical volume during the
out-tripping, whereas the volume of returned drilling
fluid should be less than the theoretical volume during
the in-tripping.
9) Sufficient amount of high-density drilling fluid should
be injected before the drill collar is tripped out to
eliminate back pressure before the well is opened rapidly
to perform the tripping of the drill collar.2.2.3. Application results of the fine managed pressure
drilling technology
During fine managed pressure drilling, with pumping rate
and inlet drilling fluid density remained basically constant,drilling of Well GS19.
Table 2
Changes in casing pressure during the fine managed pressure drilling of Well GS19.
Depth/m Casing pressure/MPa Pumping rate/(L$s1) Inlet density/(g$cm3) Outlet density/(g$cm3) Bottom-hole pressure equivalent
circulation density/(g$cm3)
4035 3.0 23.9 2.37 2.35
4040 2.1 23.9 2.35 2.30
4050 2.9 23.9 2.33 2.31
4060 3.0 23.9 2.33 2.33
4070 2.9 23.9 2.35 2.32
4080 3.0 23.9 2.34 2.32
4090 3.5 23.9 2.32 2.34 2.47
4100 4.5 23.9 2.34 2.32
4110 4.1 24.2 2.32 2.26
4120 3.8 24.2 2.37 2.35
4130 3.5 24.2 2.36 2.33
4140 3.5 24.2 2.34 2.34
4150 3.5 21.0 2.32 2.35
4160 3.1 21.0 2.36 2.33
4170 3.6 21.0 2.36 2.33 2.51
4180 4.7 20.7 2.33 2.29
4190 4.6 21.0 2.35 2.33
4200 4.5 20.7 2.32 2.33
4210 4.1 21.0 2.36 2.34
4220 3.6 22.6 2.34 2.34
4230 3.6 22.6 2.34 2.34
4235 4.3 21.0 2.35 2.35
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through automatic regulation of the throttle valve by using the
computer control system according to outlet micro-flux
monitoring results and changes in fluid levels in the circulation
tank in the whole drilling process (Fig. 2). The inlet drilling
fluid density was controlled at approximately 2.35 g/cm3,
annular back pressure at 2e5 MPa, and bottom-hole pressure
equivalent circulation density at 2.46e2.52 g/cm3. Two new
layers with lost circulation were encountered at the depth of
4145.13 m and 4232.22 m, respectively. Through the injection
of bridging mud at managed pressure, the lost layers were
plugged successfully (Table 2).
The fine managed pressure drilling in Well GS19 resulted
in the smooth drilling of Q1 and Q2 members, Liangshan
Formation, Longmaxi Formation, and Wufeng Formation, at a
total well depth of 4236.29 m, total footage of 216.60 m and
ROP of 1.95 m/h. Since the designed formation pressure co-
efficient of Gaotai Formation and Longwangmiao Formation
was only 1. 60, Ø177.8 mm tail pipe was installed ahead of the
program to isolate high-pressure complicated intervals in the
upper section.
Upon the installation of Ø177.8 mm for cementation,
Ø149.2 mm drill bit was used to penetrate 28 m in Deng-3
Member before completion. Generally speaking, all the ob-
jectives of the drilling operation in the well were achieved, and
good oil and gas shows were detected in Deng-4 Member.3. Conclusions
1) Complexities involving coexistence of blowout and lost
circulation in the same open-hole interval may be classi-
fied into the following two types: (1) the gas layer and thelayer with lost circulation are two different layers; and (2)
the gas layer and the layer with lost circulation are the
same one. Well GS19 is a typical well with both blowout
and lost circulation in the same interval due to fractured
gas layers. During plugging and killing operations, the
increase in drilling fluid density caused new layers with
lost circulation in the upper section of the open-hole,
giving rise to the complicated condition of lost circulation
in upper layers and blowout in lower layers.
2) When wells have complexities, such as coexistence of
blowout and lost circulation, narrow window for drilling
fluid density and high risks of well control, fine managed
pressure drilling is a good choice to deal with all these
problems.
3) For preliminary exploration wells with uncertain
geologic conditions and inaccurate prediction of for-
mation pressure, besides careful seismic data processing
and review of drilling data in neighboring structures, the
design of the well structure should have some margin to
allow the treatment of complicated condition with both
blowout and lost circulation.References
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